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Process of Increasing Cellular Production of Biologically Active Compounds 

Technical Field of the Invention 

The field of this invention is production of biologically active compounds by 
5 cells. More particularly, the present invention provides a process for increasing 

production of a biologically active compound derived from methylmalonyl-CoA. The 
process includes the step of inhibiting the activity of methylmalonyl-CoA mutase. The 
method is particularly useful for increasing the production of polyketide macrolide 
antibiotics in bacterial cells. 

10 

Background of the Invention 

Despite the world's reliance on natural products from plants and microbes to treat 
and cure serious diseases, many fundamental questions remain to be answered as to how 
and why these medicines are produced in nature. Knowing more about the metabolism of 

15 these compounds will lead to simpler and more rational strategies for strain improvement. 
Strain improvement speeds up the drug development process and helps to reduce the cost 
of new drugs (Mateles, 2000). 

An enormous array of medically important chemical structures are made in 
nature, particularly by plants and microbes. These structures fall into chemical classes 

20 based on shared routes of biosynthesis. One well-studied class of compounds is the 
polyketides, perhaps best characterized by the macrolide antibiotics, of which 
erythromycin is a primary example. Erythromycin and its derivatives, marketed under 
trade names such Biaxin®, Rulid®, and Zithromax®, are in wide use in the world today. 
Erythromycin's biosynthesis has been studied for over 50 years and so it is a widely used 

25 model system for secondary metabolite production. 

Like many secondary metabolites, erythromycin is a tailored polymer. The 
building blocks are one molecule of propionic acid and 6 molecules of methylmalonic 
acid in their CoA forms (Omura, 1984). Tailoring steps include the addition of two 
sugars, the addition of a methyl group to one sugar, and the addition of two hydroxyl 

30 groups to the polyketide polymer backbone. Despite agreement on the identity of the 
chemical building blocks, scientists are still unsure of the source of the propionic acid 
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and methylmalonic acid that are used to form the molecule. Knowing this key piece of 
information would help lead the way to development of genetic and process 
manipulations in order to boost production of the antibiotic. 

Originally it was reported that succinyl-CoA is the major source of 
5 methylmalonyl-CoA via the enzyme methylmalonyl-CoA mutase (MCM) (Hunaiti and 
Kolattukudy, 1984). Propionyl-CoA was reported to come from decarboxylation of 
methylmalonyl-CoA (Hsieh and Kolattukudy, 1994). These early results implied that 
precursors for erythromycin biosynthesis are taken at the expense of central metabolism 
in a reverse-anaplerotic reaction. Consistent with these results, in a different macrolide 

10 producing host, when the mutAB genes, coding for MCM, were overexpressed, a 
macrolide antibiotic was overproduced (Zhang et aL, 1999). 

Amino acid catabolism has also been identified as an important source of 
precursors for macrolide biosynthesis (Omura et al, 1983, 1984; Dotzlaf et al, 1984). 
When branched chain amino acids such as valine, , isoleucine, leucine, or valine 

15 catabolites (propionate and isobutyrate) and threonine were added to the fermentation 
medium they boosted production of a macrolide antibiotic and its polyketide derived 
precursors (Omura et al, 1983, 1984, Tang et al, 1994). Conversely, when valine 
catabolism was blocked at the first step, (valine dehydrogenase, vrf/i), production of two 
different macrolide antibiotics went down 4-to-6-fold (Tang et al, 1994). These results 

20 pointed to amino acid catabolism, in particular branched-chain amino acid (BCAA) 

catabolism, as another vital source of macrolide antibiotic precursors in actinomycetes. 

Surprisingly, when the branched-chain amino acid catabolic pathway was blocked 
at a later step in propionyl-CoA carboxylase, it did not lead to a reduction in macrolide 
production (Donadio et al y 1996). These results conflict with those of Dotzlaf et al, 

25 (1984), but they were obtained in a different macrolide-producing host and precursor 
feeding pathways have not yet been shown to operate universally in different hosts. 
Other workers also reported on this propionyl-CoA carboxylase reaction (Hunaiti and 
Kolatukuddy, 1982). Hsieh and Kolattukudy, 1994 cloned a gene that recent BLASTX 
analyses now shows could not code for a carboxylase, and may have been cloned by 

30 mistake. 
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Methylmalonyl-CoA mutase, coded for by the mutAB gene pair, was originally 
cited by Hunaiti and Kolattukudy (1984) to be the key enzyme to provide 
methylmalonyl-CoA for erythromycin biosynthesis. 

According to the conclusions of Hunaiti and Kolattukudy (1984) and Zhang et al, 
5 (1999) whose results indicated the source of methylmalonyl-CoA to be from succinyl- 
CoA, one would predict that a block in mutB should reduce or block production of the 
erythromycin. This direction for methylmalonyl-CoA mutase, though, is often referred to 
as the "reverse" direction, because the forward — or anaplerotic- direction towards 
succinyl-CoA is favored enzymatically by a factor of twenty to one (Kellermeyer, et al y 
10 1964; Vlasie and Banerjee, 2003). 

Brief Summary of the Invention 

In one aspect, the present invention provides a method of increasing the 
production of a biologically active compound in a cell. The biologically active 
15 compound is derived at least in part from methylmalonyl-CoA. The method includes the 
step of inhibiting the activity of methylmalonyl-CoA mutase in the cell. 

The biologically active compound can be an immunosuppressant such as 
rapamycin, FK506, FK520, or ascomycin. 

The biologically active compound can be an antifungal agent such as rapamycin, 
20 candicidin or soraphen. 

The biologically active compound can be an antiparasitic agent such as 
avermectin. 

The biologically active compound can be an antibiotic such as a polyketide 
antibiotic. A preferred polyketide antibiotic is a macrolide polyketide antibiotic such as 
25 erythromycin, tylosin, niddamycin, spiramycin, oleandomycin, methymycin, 
neomethymycin, narbomycin, pikromycin, or lankamycin. 

The biologically active compound can be an animal feed promotant such as a 
monensin as exemplified by monensin A or monensin B. 

A cell can be a prokaryotic or eukaryotic cell. A preferred prokaryotic cell is a 
30 bacterial cell. Preferred and exemplary bacterial cells are Saccharopolyspora, 
Aeromicrobium and Streptomyces. Particularly preferred bacterial cells are 
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Saccharopolyspora erythraea, Aeromicrobium erythreum, Streptomyces fradiae, 
Streptomyces avermitilis, Streptomyces cinnamonensis, Streptomyces antibioticus, 
Streptomyces venezuelae, Streptomyces violaceoniger, Streptomyces hygroscopicus, 
Streptomyces spp. FR-008, and Streptomyces griseus. 
5 The cell can also be a eukaryotic cell such as a plant cell or an animal cell. A 

preferred animal cell is a mammalian cell. 

Any means of inhibiting the activity of methylmalonyl-CoA mutase can be used 
in a present method. In one embodiment, methylmalonyl-CoA mutase activity is 
inhibited by decreasing or reducing the level of a co-factor necessary for methylmalonyl- 

10 CoA mutase activity. One such necessary co-factor is co-enzyme B 12. The level of co- 
enzyme B12 can be reduced by inhibiting transcription of a gene that encodes an enzyme 
used in the biosynthesis of that co-factor. Examples of such genes are the cob genes, of 
which the cobA gene is described below. 

Another means of inhibiting the activity of methylmalonyl-CoA mutase is to 

15 inhibit the transcription of the gene for methylmalonyl-CoA mutase. An exemplary 
means for inhibiting transcription is through the use of DNA binding proteins such as 
zinc fingers. 

Yet another means for inhibiting the activity of methylmalonyl-CoA mutase is 
through mutation of the gene for methylmalonyl-CoA mutase. Mutating the gene 

20 methylmalonyl-CoA mutase can result in expression of a gene product that encodes an 
inactive form of the the enzyme. Means for mutating genes are well known in the art. 
One such means for mutating methylmalonyl-CoA mutase and inhibiting the activity of 
methylmalonyl-CoA mutase is set forth hereinafter in the Examples. Mutating can be 
accomplished in vitro using means well known in the art. 

25 In a preferred embodiment, the present invention provides a process for increasing 

the production of an antibiotic in a bacterial cell. The antibiotic is preferably a polyketide 
macrolide antibiotic and, even more preferably erythromycin. The bacterial cell is 
preferably a Saccharapolyspora or Aeromicrobium, and, more preferably 
Saccharapolyspora erythraea or Aeromicrobium erythreum. 

30 In another aspect, the present invention provides a mutated methylmalonyl-CoA 

mutase gene. Preferably, that mutated gene has the nucleotide sequence shown in SEQ 
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ID N0:1. Also provided are expression vectors containing that nucleotide sequence and 
cells containing the expression vector or nucleotide sequence. A preferred such cell is a 
bacterial cell. 

Numerous other advantages and features of the present invention will become 
5 readily apparent from the following detailed description of the invention and the 
embodiments thereof, from the claims and from the accompanying drawings. 

Brief Description of the Drawings 

The objects, features and advantages of the present invention will be more readily 
10 appreciated upon reference to the following disclosure when considered in conjunction 
with the accompanying drawings that form a portion of the specification, in which: 
FIG. 1 (also referred to as Fig. 1 or Figure 1) shows a schematic diagram of 
methylmalonyl-CoA metabolism. FIG. 2 (also referred to as Fig. 2 or Figure 2) shows 
the nucleotide sequence of the wild-type gene for methylmalonyl-CoA mutase. The 
15 nucleotide sequence is shown in the 5' to 3' direction. As used herein, all of the letter 
designates for base pairs conforms to the standard set forth in 37 C.F.R. Section 1.822. 
The base pairs illustrated in bold-face type (bolded) indicate the point of insertion for the 
transposon of FIG. 3. 

FIG. 3 (also referred to as Fig. 3 or Figure 3) shows the nucleotide sequence (also 
20 in the 5' to 3' direction) of the insertion transposon used to mutate the gene of FIG. 2 and 
the gene of FIG. 4. 

FIG. 4 (also referred to as Fig. 4 or Figure 4) shows the nucleotide sequence (also 
in the 5' to 3' direction) of the wild-type gene for cob A. The base pairs illustrated in 
bold-face type (bolded) indicate the point of insertion for the transposon of FIG. 3. 

25 

Detailed Description of the Invention 

While the present invention is susceptible of embodiment in many different 
forms, there are shown in the drawings and will be described herein in detail specific 
examples and embodiments thereof, with the understanding that the present disclosure is 
30 to be considered as an exemplification of the principles of the invention and is not 
intended to limit the invention to the specific examples and embodiments illustrated. 
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The Detailed Description portion of this disclosure will conclude with a 
References Section for the citations to the indicated references of the disclosure, followed 
by the Claims. 

As used herein, the amino acids, which occur in the various amino acid sequences 
5 appearing herein, are identified according to their well-known, three-letter or one-letter 
abbreviations. The nucleotides, which occur in the various DNA fragments, are 
designated with the standard single-letter designations used routinely in the art. 

In a peptide or protein, suitable conservative substitutions of amino acids are 
known to those of skill in this art and may be made generally without altering the 

10 biological activity of the resulting molecule. Those of skill in this art recognize that, in 
general, single amino acid substitutions in non-essential regions of a polypeptide do not 
substantially alter biological activity (see, e.g. , Watson et aL Molecular Biology of the 
Gene, 4th Edition, 1987, The Bejacmin/Cummings Pub. co., p.224). 

As used herein, "expression vector" refers to a plasmid, virus or other vehicle 

15 known in the art that has been manipulated by insertion or incorporation of heterologous 
DNA, such as nucleic acid encoding the fusion proteins herein or expression cassettes 
provided herein. Such expression vectors contain a promotor sequence for efficient 
transcription of the inserted nucleic acid in a cell. The expression vector typically 
contains an origin of replication, a promoter, as well as specific genes that permit 

20 phenotypic selection of transformed cells. As used herein, an expression or delivery 
vector refers to any plasmid or virus into which a foreign or heterologous DNA may be 
inserted for expression in a suitable host cell — i.e., the protein or polypeptide encoded 
by the DNA is synthesized in the host cell's system. Vectors capable of directing the 
expression of DNA segments (genes) encoding one or more proteins are referred to 

25 herein as "expression vectors". Also included are vectors that allow cloning of cDNA 
(complementary DNA) from mRNAs produced using reverse transcriptase. 

As used herein, "host cells" are cells in which a vector can be propagated and its 
DNA expressed. The term also includes any progeny of the subject host cell. It is 
understood that all progeny may not be identical to the parental cell since there may be 

30 mutations that occur during replication. Such progeny are included when the term "host 
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cell" is used. Methods of stable transfer where the foreign DNA is continuously 
maintained in the host are known in the art. 

As used herein, a gene refers to a nucleic acid molecule whose nucleotide 
sequence encodes an RNA or polypeptide. A gene can be either RNA or DNA. Genes 
5 may include regions preceding and following the coding region (leader and trailer) as 
well as intervening sequences (introns) between individual coding segments (exons). 

As used herein, isolated with reference to a nucleic acid molecule or polypeptide 
or other biomolecule means that the nucleic acid or polypeptide has separated from the 
genetic environment from which the polypeptide or nucleic acid were obtained. It may 

10 also mean altered from the natural state. For example, a polynucleotide or a polypeptide 
naturally present in a living animal is not "isolated", but the same polynucleotide or 
polypeptide separated from the coexisting materials of its natural state is "isolated", as 
the term is employed herein. Thus, a polypeptide or polynucleotide produced and/or 
contained within a recombinant host cell is considered isolated. Also intended as an 

15 "isolated polypeptide" or an "isolated polynucleotide" are polypeptides or 

polynucleotides that have been purified, partially or substantially, from a recombinant 
host cell or from a native source. For example, a recombinantly produced version of a 
compound can be substantially purified by the one -step method described in Smith et al 
(1988) Gene 67:31 -40. The terms isolated and purified are sometimes used 

20 interchangeably. 

Thus, by "isolated" the nucleic acid is free of the coding sequences of those genes 
that, in a naturally_occurring genome immediately flank the gene encoding the nucleic 
acid of interest. Isolated DNA may be single-stranded or double-stranded, and may be 
genomic DNA, cDNA, recombinant hybrid DNA, or synthetic DNA. It may be identical 

25 to a native DNA sequence, or may differ from such sequence by the deletion, addition, or 
substitution of one or more nucleotides. 

Isolated or purified as it refers to preparations made from biological cells or hosts 
means any cell extract containing the indicated DNA or protein including a crude extract 
of the DNA or protein of interest. For example, in the case of a protein, a purified 

30 preparation can be obtained following an individual technique or a series of preparative 
or biochemical techniques and the DNA or protein of interest can be present at various 
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degrees of purity in these preparations. The procedures may include for example, but are 
not limited to, ammonium sulfate fractionation, gel filtration, ion exchange 
chromatography, affinity chromatography, density gradient centrifugation and 
electrophoresis. 

5 A preparation of DNA or protein that is "substantially pure" or "isolated" should 

be understood to mean a preparation free from naturally occurring materials with which 
such DNA or protein is normally associated in nature. "Essentially pure" should be 
understood to mean a "highly" purified preparation that contains at least 95% of the DNA 
or protein of interest. 

10 

The Invention 

The present invention provides a method of increasing the production of a 
biologically active compound in a cell. The biologically active compound is derived at 
15 least in part from methylmalonyl-CoA. The method includes the step of inhibiting the 
activity of methylmalonyl-CoA mutase in the cell. 



Biologically Active Compound 

As used herein, the phrase "biologically active compound" means any compound 
20 having an effect on a living organism. The biologically active compound is derived, at 
least in part, from methylmalonyl-CoA. As is well known in the art, biologically active 
compounds that are derived from methylmalonyl-CoA have methylmalonic acid 
incorporated into the compound structure. 

Biologically active compounds derived, at least in part, from methylmalonyl-CoA 
25 are well known in the art. Such compounds include antiparasitics, antifungals, 
immunosuppressants, feed growth promotants and antibiotics. Table 1, below, 
summarizes exemplary such compounds. 
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Table 1 



Erythromycin 


Saccharopolyspora 
erythraea, 
Aeromicrobiwn 
erythreum 


14-member 
macrolide antibiotic 


Weber et al, 1991 


Tylosin- 

Niddamycin- 

Spiramycin 


Streptomyces 
fradiae 


16-member 
macrolide antibiotic 


Omuraef a/., 1977 


Avermectin 


Streptomyces 
avermitilis 


Antiparasitic 


Ikedaetfa/., 1999 


Monensin 


Streptomyces 
cinnamonensis 


Animal feed growth 
promotant 


Liu etal, 1999 


Oleandomycin 


Streptomyces 
antibioticus 


14-member 
macrolide antibiotic 


Rodriguez et al, 
2002 


methymycin, 
neomethymycin, 


Streptomyces 
venezuelae 


12-member 
macrolide antibiotic 


Xue et al, 2000 


narbomycin and 
pikromycin 


Streptomyces 
venezuelae 


14-member 
macrolide antibiotic 


Xue et ai, 2000 


Lankamycin 


Streptomyces 
violaceoniger and 
Streptomyces rochei 


14-member 
macrolide antibiotic 


Mochizuki et al, 
2003 


Rapamycin 


Streptomyces 
hygroscopicus 


Immunosuppressant 
and antifungal agent 


Schwecke et al, 
1995; Aparicio, et 
al, 1996; Molnar et 
al, 1996; Haydock 
etal, 1995. 


FK520, ascomycin 


5. hygroscopicus 


Immunosuppressant 


Wu et al, 2000 


Candicidin 


Streptomyces spp. 
FR-008; 
Streptomyces 
griseus 


Antifungal 


Hu etal, mol 
microbial, 1994; 
Aparicio et al, 2003; 
Gil JA, Campelo- 
Diez AB, 2003 


Soraphen 


Sorangium 
cellulosum 


Antifungal 


Gerth K J. 
Antibiotics 47: 23 
(1994) 
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A particularly preferred biologically active compound whose production can be 
increased by a present process is an antibiotic. Exemplary antibiotics are polyketide 
antibiotics. More preferably, antibiotics are polyketide, macrolide antibiotics. Polyketide 
macrolide antibiotics are well known in the art. Exemplary and preferred such antibiotics 
5 are erythromycin, tylosin, niddamycin, spiramycin, oleandomycin, methymycin, 
neomethymycin, narbomycin, pikromycin, and lankamycin. 

Cells 

The production of a biologically active compound can be increased in any cell 
10 that contains anabolic and catabolic pathways involving methylmalonyl-CoA. A 

schematic diagram showing such metabolic pathways is shown in FIG. 1. Numerous 
such cells are well known in the art. The cell can be a prokaryotic or a eukaryotic cell. 
Exemplary prokaryotic cells are #1 Domain Archaea (halophiles, methanogens, 
thermophiles) and #2 Domain Bacteria (cocci, bacilli, spirochetes). Bacterial cells are 
15 particularly preferred. Exemplary bacterial cells are Saccharopolyspora, Aeromicrobium 
and Streptomyces, Particularly preferred bacterial cells are Saccharopolyspora 
erythraea, Aeromicrobium erythreum, Streptomyces fradiae, Streptomyces avermitilis, 
Streptomyces cinnamonensis, Streptomyces antibioticus, Streptomyces venezuelae, 
Streptomyces violaceoniger, Streptomyces hygroscopicus, Streptomyces spp. FR-008, and 
20 Streptomyces griseus. 

Exemplary eukaryotic cells are listed below. 
#3 Green Algae (Chlorobionts) Domain Eukarya rKingdom Protista :Di vision 
Chlorobionts #4 Amoeba (a Protozoan) - Domain Eukarya rKingdom Protista :Rhizopod 

25 Sarcodines #5 Dictyostelium (Cellular Slime Mold) Domain Eukarya :Kingdom 
Protista :Di vision Arasiomycota #6 Lichen Domain Eukarya rKingdom Fungi 
rDivision Mycomycota #7 Zygomycota « Domain Eukarya rKingdom Fungi rDivision 
Zygomycota #8 Ascomycota Domain Eukarya rKingdom Fungi rDivision Ascomycota 
#9 Bryophytes Domain Eukarya rKingdom Plantae rDivision Bryophyta #10 Horsetail 

30 Fern (A Seedless Vascular Plant) Domain Eukarya :Kingdom Plantae rDivision 

Sphenophyta #11 Ginkgo - Domain Eukarya rKingdom Plantae rDivision Ginkgophyta 
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#12 Conifers (Gymnosperms) - Domain Eukarya :Kingdom Plantae :Division 
Coniferophyta #13 Angiosperms (Flowering Plants) Domain Eukarya :Kingdom 
Plantae rDivision Anthophyta #14 Porifera (Sponges) Domain Eukarya :Kingdom 
Animalia rPhylum Porifera #15 Corals (Cnidarian Polyps) - Domain Eukarya rKingdom 
Animalia :Phylum Cnidaria :Class Anthozoa #16 Jellyfish (Cnidarian Medusas) 
Domain Eukarya :Kingdom Animalia :Phylum Cnidaria :Class Schphozoa #17 
Platyhelminthes (Flatworms) Domain Eukarya .-Kingdom Animalia :Phylum 
Platyhelminthes #18 Mollusca -- Domain Eukarya rKingdom Animalia :Phylum 
Mollusca #19 Chiton ~ Domain Eukarya :Kingdom Animalia rPhylum Mollusca :Class 
Polyplacophora #20 Annelida (Segmented Worms) « Domain Eukarya rKingdom 
Animalia rPhylum Annelida #21 Arthropoda Domain Eukarya rKingdom Animalia 
rPhylum Arthropoda #22 Horseshoe Crab (An Arthropod) Domain Eukarya rKingdom 
Animalia rPhylum Arthropoda rClass Cheliceramorpha #23 Echinodermata Domain 
Eukarya rKingdom Animalia rPhylum Echinodermata #24 Holithuriudea Domain 
Eukarya rKingdom Animalia rPhylum Echinodermata rClass Holithuriudea #25 Sea 
Urchin (An Echinoderm) Domain Eukarya rKingdom Animalia rPhylum 
Echinodermata rClass Echinoidea #26 Chordata Domain Eukarya rKingdom Animalia 
rPhylum Chordata #27 Amphioxus (Lancelet) « Domain Eukarya rKingdom Animalia 
rPhylum Chordata rSubphylum Cephalachordata #28 Agnatha (A Jawless Vertebrate) 
Domain Eukarya rKingdom Animalia rPhylum Chordata rSubphylum Vertebrata rClass 
Agnatha #29 Chondrichthyes (Cartilaginous Fishes) - Domain Eukarya rKingdom 
Animalia rPhylum Chordata rSubphylum Vertebrata rClass Chondrichthyes #30 
Osteichthyes (Bony Fishes) Domain Eukarya rKingdom Animalia rPhylum Chordata 
rSubphylum Vertebrata rClass Osteichthyes #31 Amphibia Domain Eukarya rKingdom 
Animalia rPhylum Chordata rSubphylum Vertebrata rClass Amphibia #32 Reptilia 
Domain Eukarya rKingdom Animalia rPhylum Chordata rSubphylum Vertebrata rClass 
Reptilia #33 Aves (Birds) - Domain Eukarya rKingdom Animalia rPhylum Chordata 
rSubphylum Vertebrata rClass Aves #34 Mammalia - Domain Eukarya rKingdom 
Animalia rPhylum Chordata rSubphylum Vertebrata rClass Mammalia. 
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Inhibiting Methylmalonvl-CoA Mutase 

A process of the present invention includes the step of inhibiting the activity of 
methylmalonyl-CoA mutase, the enzyme that catalyzes the interconversion of 
methylmalonyl-CoA and succinyl-CoA (See FIG. 1). 

The activity of methylmalonyl-CoA mutase can be inhibited in a number of ways. 
Any means of inhibiting that result in a decreased catalytic capacity of the enzyme can be 
used in the subject invention. By way of example, the enzyme can be contacted with an 
enzyme inhibitor, a substance that binds to the enzyme and interferes with its ability to 
interact with substrate conversion. By way of further example, enzyme activity can be 
inhibited by decreasing the availability of any co-factor necessary for such activity. 

It is well known in the art that co-enzyme B 12 is a co-factor for methylmalonyl- 
CoA mutase activity. Thus, means for decreasing the availability of co-enzyme B12 can 
be used to inhibit the mutase activity. As is well known in the art, the genes responsible 
for coenzyme B12 biosynthesis are the cob genes. Levels of coenzyme B12 can be 
reduced by inhibiting the transcription of the cob genes. Means for inhibiting gene 
transcription are well known in the art. 

The activity of methylmalonyl-CoA mutase (MCM) can be inhibited by 
decreasing or inhibiting the transcription of a gene that encodes the enzyme. Such genes 
are well known in the art. In most bacteria, with E. coli being a notable exception 
(Dayem et aL, 2002), MCM is a heterodimer coded for by the mutAB gene pair (Marsh et 
al, 1989, Birch et ai, 1993). A similarity between human and bacterial metabolism is in 
keeping with a theme further evidenced by the conservation of amino acid sequence in 
methylmalonyl-CoA mutases across the biological spectrum. BLAST analysis revealed 
64% identity in amino acid sequence between the mutB gene of A. erythreum and the 
equivalent human amino acid sequence. A high degree of identity exists to all other mutB 
genes in the database. 

The transcription of MCM can be inhibited using means well known in the art. 
By way of example, DNA binding proteins such as zinc fingers are known to bind to and 
inhibit transcription of genes {See, e.g., United States Patent No. 6,140,466). A preferred 
means for inhibiting MCM activity is to mutate the gene for wild-type MCM such that 
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the expressed gene product of the mutated gene is an inactive form of the enzyme. 
Means for mutating genes are well known in the art. 

As described in detail hereinbelow in the Examples, mutation of a gene for wild- 
type MCM resulted in inhibition of MCM activity and an increased production of 
5 erythromycin. Using tagged mutagenesis, microfemnentation screening, and a simple 
agar plate bioassay method to measure the production of antibiotic in the growth medium, 
mutants were found that made 50-100% more erythromycin than the parent strain. Of the 
seven highest producing mutants, three were determined to carry transposon insertions in 
mutB, a gene coding for the alpha subunit of methylmalonyl-CoA mutase. Four other 

10 mutants carried transposon insertions in both orientations in cob A, an adenosyl 
transferase involved in vitamin B12 biosynthesis. 

The mutB strains all carried transposon insertions in the same orientation and 
exact same site of the mutB gene, indicating that the gene carries a hot spot for insertion 
of Tn5. This was also the case for cobA insertions, except that for in cobA we found both 

15 orientations of the transposon in the same site. Both mut and cob mutations appeared in 
the library at frequencies that were more than three times greater than would be expected 
by chance from the total of 3,049 mutants that were screened. 

Insertional inactivation of A. erythreum genes was performed using a derivative of 
the transposon Tn5 (Goryshin and Reznikofff, 1998). The plasmid was designed to 

20 function in both E. coli and A. erythreum with suitable drug resistance markers, origins of 
replication, and a promoter known to cause increased expression in other high G + C 
Actinomycetes . The functional portions of the plasmid in A. erythreum are the tsr gene, 
conferring thiostrepton resistance and ermE* promoter. Previous studies on A. erythreum 
have shown that the ColEl origin does not function in A. erythreum and therefore 

25 plasmids based on this origin of replication can be used as integration vectors. It is not 
known whether the R6Ky ori is functional in this host. The strategy was to generate both 
knockout mutants by gene replacement of the Tn cassette as well as potential 
hyperexpression mutants which would overexpress downstream genes from the inserted 
ermE* promoter located at one end of the transposon. 

30 For transposon plasmid construction, pUC19 was digested with PvuII and the 

larger (2.3 kb) fragment was ligated to EZ::TN™<TET-1> to generate pFL3010. This 
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plasmid contained the 19 bp mosaic ends recognized by the Tn5 transposase and the Tet r 
gene for selection in E. coli. To select for A. erythreum transformants the tsr gene from 
pFL8 (Reeves et al. } 2002) was cloned into the EcoRI and Kpnl sites of pFL3010, 
generating pFL3012. To generate mutant strains which overexpress genes located 
5 downstream of the Tn insertion site the ermE* promoter (Bibb et aL, 1994) was ligated to 
MscI and Pstf-digested pFL3012. The ermE* promoter was obtained by digesting 
pIJ4070 (Bibb et al., 1994) with MscI and PstL This construct was designated pFL2083. 
Finally, to retrieve plasmids from the A. erythreum chromosome for sequence analysis of 
the Tn insertion site and the adjacent genomic DNA the conditional origin of replication 

10 R6Ky was ligated into the EcoRI site of pFL2083. The R6Ky origin was obtained by 
amplification of an 800 bp fragment from EZ::TN™<R6KYori/Kan-2> with engineered 
EcoRI sites at the 5' ends. This construct was designated pFL2087 and was used in all in 
vitro Tn mutagenesis reactions. 

E. coli library of A. erythreum genomic DNA. The plasmid library was 

15 constructed in the A. erythreum integration vector pFL2082, a pUC19-derived vector 
containing the aphl gene from Tn903. The aphl gene is expressed at low level in A. 
erythreum and confers kanamycin resistance up to about 10-15 |Lig/ml with good growth. 
A. erythreum is normally sensitive to kanamycin at levels as low as 2 |ag/ml. pFL2082 
contains a unique BamHI site that was used to ligate A. erythreum Sau3Al chromosomal 

20 fragments in the 8-20 kb range. Several different vector preparations were 

dephosphorylated with different concentrations of CIAP or SAP in order to obtain the 
highest ratio of white to blue colonies after ligation. Only those ligations that resulted in 
a white to blue colony ratio of approximately 10 were used in later experiments. To 
generate a library that represented in excess of 5-fold coverage of the chromosome 

25 (estimated A. erythreum genome size somewhere between 4-8 Mb, representing about 
4,000-8,000 coding sequences), 100,000 white colonies were harvested into 25 pools. 
This large number of colonies was chosen based on the assumption that some genes will 
be disproportionately represented over others after selection in E. coli. The colonies were 
split among 25 pools (ca. 4,000 colonies/pool) to increase randomness. To determine the 

30 insert size of random plasmid isolates a total of 65 white colonies were analyzed by 

restriction analysis of their plasmid DNA. EcoRI and Hindlll double digestions showed 
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that in all but four cases the average insert size was 14.0 kb. This library was designated 
A. erythreum genomic library or library 1. 

In vitro transposon mutagenesis was performed separately with 5 \ig of total DNA 
from each of the 25 genomic library pools. After mutagenesis and transformation, the E. 
5 coli cells were plated on agar containing tetracycline (Tet), ampicillin (Ap), and 

kanamycin (Kn). The three antibiotics were used together to select for the transposon 
insertion (Tet marker) and to enrich for plasmids that contain insertions in the A. 

erythreum DNA by eliminating Ap or Kn s strains. The ratio of white to blue colonies 

increased dramatically after transposon mutagenesis from about 10 to greater than 25. 

10 Blue colonies from the genomic DNA library contained plasmids that were religated 
pFL2082. The increase in the ratio of white to blue colonies on Tet, Ap, Kn plates was 
due to the increased probability of the transposon inserting into a larger plasmid without 
affecting Ap or Kn resistance. Blue colonies that were Tet r Ap r Kn r represented plasmids 
containing the transposon in a neutral site in pFL2082. A total of 50,000 Tet r Ap r Kn r 

15 white colonies were harvested into pools containing about 2,000 colonies/pool 

corresponding to the previously generated 25 genomic library pools. This library was 
designated A. erythreum Tn mutagenesis library or library 2. To confirm that the 
transposon had inserted into the genomic library DNA, 25 random Tet r Ap r Kn r plasmids 
from white colonies were analyzed by restriction analysis using EcoRl and Hindlll in 

20 double digestions and Hindlll in single digestions. All 25 plasmids contained transposon 
DNA along with an average of 15 kb of A. erythreum genomic DNA. The control 
plasmids, pFL2082 only (2 Hindlll sites) and plasmids from blue Tet r Ap r Kn r colonies (2 
Hindlll sites), gave the expected restriction patterns (data not shown). In all but one case, 
a single transposon insertion occurred. 

25 Initial transformation experiments using Tn mutagenesis library DNA and A. 

erythreum B-3381 protoplasts were performed using a modified procedure originally 
described by Roberts et a/.(1987) The most important modification to the procedure was 
in the handling of the DNA before transformation. Previous studies by Miller et al 
(199.1) showed that integrative transformation based on homologous recombination was a 

30 rare event in A. erythreum. In that study, undenatured plasmid DNA was used. The 
subsequent recombination frequency observed was very low (3 Kn r colonies were 
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obtained per 2 ^ig of DNA). This recombination frequency would not be suitable for 
generating a random knockout library. Oh and Chater (1997) demonstrated that 
denaturing DNA with NaOH before protoplast transformation led to a significant increase 
in the number of S. coelicolor A(3)2 transformants and proposed that this may also hold 
5 true for other organisms. To test if this would be the case with A. erythreum, 9 pools of 
alkaline denatured library DNA were transformed separately with selection for Thio r 
colonies. The results showed that the number of Thio r transformants observed when 
protoplasts were transformed with denatured DNA increased 2-3 orders of magnitude per 
l^g of DNA when compared to undenatured DNA controls. Approximately 100-500 

10 Thio r transformants were obtained per regeneration plate per 4 |ug of denatured DNA. A 
total of 828 Thio r transformants were isolated per pool and stored as glycerol stocks in 
microtiter dishes at -80°C, along with parent controls. To determine the frequency of 
mutants derived by single crossover insertion and gene (marker) replacement a total of 
4,912 Thio r mutants from all 9 pools were screened for kanamycin resistance. The 

15 results showed that a significant majority (88.2%) of the mutants were derived by single 
crossover insertion (Thio r Kn r ). Why the frequency of gene replacement (1 1.8%, Thio r 
Kn s ) was so low is not known. Most single crossover mutants would not generally 
exhibit a knockout phenotype, except in cases of polarity due to the insertion. This 
library was still useful because of the presence of the ermE* promoter at the end of the 

20 transposon and was subsequently screened for mutants exhibiting an altered erythromycin 
production level. In this study, we were mainly interested in analyzing recombinants 
derived by gene replacement and therefore we needed to develop a simple visual screen 
to directly distinguish between these two classes of mutants on the regeneration plate. 
To generate a gene replacement library we developed a rapid, simple visual 

25 screen that took advantage of the Kn r phenotype of single crossover mutants and the Kn s 
phenotype of gene replacement mutants. Kanamycin sulfate normally inhibits the growth 
of wild type A erythreum when cells are exposed to concentrations of the antibiotic at 
5^ig/ml or above. Mutants containing the aphl gene are resistant to kanamycin up to a 
concentration of about 10-15 |Xg/ml while maintaining good growth. Tetrazolium 

30 chloride (tetra red) diffuses into A. erythreum cells after exposure to an agar underlay 

containing the dye after about 2-3 hours and eventually (between 24-48 hr) turns colonies 
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orange to dark red. To test whether we could observe a difference between single 
crossover and gene replacement mutants on the basis of colony size, colony color or both 
after exposure to kanamycin and tetra red supplemented agar we transferred layers from 
2-day post underlay plates to fresh 2xYTG plates containing kanamycin at 20 Jig/ml and 
5 tetra red. Mutants that have undergone gene replacement would be Kn s and stop growing 
whereas single crossover mutants would be Kn r and continue to grow. At the time of 
underlay with the Kn/tetra red agar all the transformants are uniformly yellow. Twenty- 
four hr post underlay all colonies have incorporated the tetra red and are uniformly 
orange-red. Approximately 40-44 hours post underlay certain colonies have stopped 

10 growing and become dark red whereas the majority of colonies have become larger and 
have diluted the dye to a light orange. To measure colony sizes before and after the 
underlay, plates were digitally photographed at one day intervals beginning at time zero 
(equal to the time of underlay) for 7 days. Colonies that turned orange continued to grow 
throughout the 7-day period and colonies that were dark red at 24-48 hr post underlay 

15 remained so. These results suggested that the dark red colonies were Kn s and possibly 
mutants derived by gene replacement. To test the antibiotic resistance phenotype of 
individual colonies, 50 dark red and 50 orange colonies were replica patched onto 
2xYTG plates supplemented with Thio and Kn or no antibiotic. The results showed that 
92% of the dark red colonies were Thio r Kn s and 100% of the orange colonies were 

20 Thio r Kn r . PCR was used to confirm the presence of the tsr gene in 20 of the Thio r Kn s 
strains. All but one of the strains contained the tsr gene. Based on these results we 
generated a library of mutants using the colorimetric plate assay to select for gene 
replacement mutants using Tn mutagenesis DNA from pools 8-12. A total of 782 dark 
red colonies were identified (representing about 10% of the total scored) and patched 

25 onto antibiotic selection plates for testing drug resistance. Analysis of the patch plates 
showed that 82.1% of the colonies consisted of Kn s Thio r isolates and 17.9% consisted of 
Kn r Thio r isolates. Some of the 17.9% of Thio r Kn r "red" colonies are actually mixtures 
of single crossover and gene replacement mutants, since Kn r strains can grow into the Kn s 
strains and therefore make isolation difficult. PCR of 20 random plasmids derived from 

30 Kn s Thio r isolates showed that all contained the tsr gene, indicating that the colorimetric 
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assay is efficient at identifying on the regeneration plate A. erythreum mutants derived by 
gene replacement . 

To determine if the Tn mutagenized library inserted randomly into the A. 
erythreum chromosome we characterized it according to three criteria: i) Southern 
5 blotting of insertion mutants; ii) sequence analysis of DNA adjacent to the Tn insertion 
site; and iii) the frequency and location of low erythromycin producers (Ery down) and 
erythromycin non-producing mutants. Southern blot analysis was performed on 15 
mutants digested with Xhol and BamHI using a Thio r Tet r gene probe obtained from 
Sphl/EcoRI digestion of pFL2Q83. DNA from two different sets of mutants were used, 
10 neighboring isolates from the same glycerol stock plate in the same row and random 

strains exhibiting an altered erythromycin yield. Xhol was selected since it does not cut 
within the transposon and yields a single hybridizing band. The first set contained nine 
consecutive mutants derived from pool 4, plate 2, row B, well positions 1-9, whereas the 
second set contained six mutants that exhibited either an increase, decrease or non- 
15 producing erythromycin phenotype from 6 different plates. The results showed that most, 
if not all, of the 9 mutants obtained from the same plate contained insertions at different 
chromosomal locations. It is possible that the DNA from the mutants contain the same 
insert, but without further analysis the precise location of the insertions remains 
unknown. These results show that there is not a strong bias ("hotspots") for Tn5 insertion 
20 sites when exposed to A. erythreum DNA. Of the six mutants with an altered 

erythromycin yield five of the six inserted at different locations in the chromosome and 
two appeared that they might be similar. Later, sequence analysis revealed that the 
transposon had inserted into the same site in these two mutants but in the opposite 
orientation. 

25 Analysis of DNA sequences adjacent to the insertion site in 20 mutants revealed 

that the transposon had integrated randomly in the A. erythreum chromosome, except in 
seven high erythromycin-producing (Ery up) strains. In four of these mutants the 
insertion had occurred in the same site but in opposite orientations. In the other three 
mutants the insertion occurred in the site an in the same orientation. As expected, all 

30 sequences immediately flanking the insertion site contained the 9-bp duplication 
characteristic of Tn5 transposition. Analysis of 10 different 9-bp target sequences 
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revealed a general similarity to the consensus sequence proposed by Goryshin et al., 
1998 , but no exact matches were found. However, the fact that we isolated the same 
insertion mutant from independent pools in all seven mutants suggests that there was a 
base preference occurring at certain positions during the in vitro transposition reaction. 
5 A total of 14 non-producing mutants and 15 very low (<40 ^ig/ml) erythromycin 

producing strains were generated in this study. Null mutants would arise if the insertion 
occurred in the eroA cluster, which encodes the polyketide backbone or in genes involved 
in regulating the expression of the eroA genes or secondary metabolism. Mutants 
producing low levels of bioactivity would arise from insertions in the erythromycin 

10 tailoring enzymes or mutations that affect the general physiology of the cell. The ero 
biosynthetic gene cluster has been sequenced and has been determined to be 
approximately 60 kb. . Assuming that the A. erythreum chromosome is somewhere 
between 4-8 Mb, then the cluster would comprise between 0.75%-1.5% of the total 
chromosome. In this study, we screened 3,049 mutants for erythromycin production. If 

15 the library were completely random, we would expect somewhere between 23-46 null or 
low producing mutants. We obtained 29 such mutants, which represented 0.95% of the 
total isolates screened. We conclude from the results of these 3 analyses that the A. 
erythreum Tn mutagenized library is random. 

Approximately 54% (3,049/5,694) of the mutants from the 2 libraries, 2,267 from 

20 pools 1-5 of the initial library and all 782 mutants from the gene replacement library were 
screened in duplicate microfermentations for their erythromycin production. A total of 
26 mutants were analyzed by BLASTX analysis of the retrieved gene or plasmid 
sequences disrupted by the insertion from strains exhibiting an altered erythromycin 
yield. Of the 3,049 mutants tested, 28 mutants (-1%) produced greater than 50% above 

25 the parent control strain and were analyzed further. These 28 mutants were grouped into 
single crossover mutants (3) and gene replacement mutants (25), hereafter designated 
Ery-up mutants. All the Ery-up mutants were subjected to microfermentations where the 
number of replicates ranged from N=24 to N=96. Strains that maintained a 50% increase 
in erythromycin production compared to the parent control strain were characterized 

30 further in shake flask fermentations. Ery-up mutants that were derived by single 

crossover insertion were subjected to a plasmid eviction procedure to isolate the gene 
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replacement strain. Both the single crossover and gene replacement strains were tested in 
microfermentation and shake flask fermentation for reproducibility. After retesting 7 of 
the Ery-up mutants maintained a level of production consistantly greater than 50% above 
the parent control. The highest producing strain in microfermentation was 8.1-C3 (ave. 
447 ng/ ml, N=24), which represented a 101% increase over the parent strain (ave. 221 
\ig/ ml, N=192). Sequence analysis of the rescued DNA revealed that the insert disrupted 
the 5' end of a gene with significant homology to the alpha subunit (MutB) of 
methylmalonyl CoA mutase (MCM) from a variety of species. The highest BLASTX 
match was to the alpha subunit of the MCM of Streptomyces avermitilis (E value le 86 ), 
showing nearly end to end identity over 2124 bp. Mutant 8.2-F1 showed a 64% increase 
in erythromycin production followed by 8.6-E8, which showed a 56% increase. 
Sequence analysis revealed that these mutants also contained insertions in the mutB gene 
Mutants 3.1-D5, 4.2-B3, 5.9-B9 and 8.1-A11 averaged 104% above the parent strain. 
The insertion occurred in the same location in the 3 mutants, although in opposite 
orientations, 238 bp within an ORF with significant sequence identity to cob(I) alamin 
adenosyltransferases (cob) from a variety of species. Using the forward and reverse 
transposon primers the entire adenosyltrasferase reading frame was sequenced and was 
found to be 612 bp long, based on direct comparison of the amino acid sequence of cob A 
homologs (i.e., E value le' 77 compared to the S. coelicolor cobA homolog, cobO) and a 
71% overall identity to the cob A gene of Mycobacterium tuberculosis. The cobA 
sequence potentially contains a good ribosome binding site (GGGAGG) 7 bp upstream 
from the predicted start site, but translational coupling to the upstream chelatase gene 
cannot be ruled out. The ORF would encode a protein of almost 23 Kda. CobA is 
involved in the adenosylation of vitamin Bi 2 to form the active coenzyme AdoBi 2 in both 
de novo biosynthesis and of adenosylation of exogenous corrinoids. CobA is a highly 
conserved protein throughout nature. Starting 8 bp downstream from the stop codon of 
cobA and extending 521 bp in the same transcriptional orientation another ORF involved 
in vitamin B J2 biosynthesis was identified. The ORF, presently consisting of a little more 
than a quarter of the predicted full-length DNA sequence, showed significant sequence 
identity to cobB, which encodes a cobyrinic acid a,c diamide synthase. The best 
BLASTX match was to the 5. coelicolor cobB (E value 5.8e 50 ). Using the transposon 
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reverse primer to obtain sequences upstream of cobA identified another partial ORF 
involved in vitamin Bi 2 biosynthesis. Spanning 171 bp the A. erythreum ORF showed 
significant sequence identity to a putative chelatase of S. coelicolor (E value 1.5e" 7 ). 
Vitamin Bi 2 chelatases are involved in the insertion of a cobalt atom into the corrin ring 
5 and have been well characterized in other bacterial systems. 

Fifteen Ery-down mutants were obtained in the initial microfermentation screen. 
Seven of these mutants were determined to be gene replacements and were retested in 
microfermentations and in shake flasks. The range of erythromycin production was 
between 3 |Lig/ ml (1.6-B11) and 40 \xg/ ml (8.1-A11). Shake flask fermentations of the 

10 Ery-down mutants showed that the low producing phenotype was maintained when 

scaled up with and without soybean oil supplementation, indicating that the decrease in 
erythromycin production was not due to a defect in oil utilization. Sequence analysis of 7 
retrieved plasmids revealed that 4of the Ery-down mutants contained inserts within ero 
cluster genes. Mutant 1.6-B1 1 contained an insertion 289 bp into eroCIII, a 

15 desosaminyltransferase which attaches the amino sugar desosamine to the polyketide 
backbone. Thin layer chomatography showed that mutant 1.6-B1 1 produced mainly cc- 
mycarosyl-erythronolide B (MEB), as would be expected for an eryC mutant, but 
somewhat unexpectedly also produced a bioactivity level of erythromycin A (ErA) 
corresponding to an average of 13 \iglm\ (N=6). This suggests that there may be another 

20 desosaminyltransferase in this organism, albeit with lower activity than eroCIIL Mutant 
3.1-A3 contained an insertion 588 bp into eroBIII, an eryB gene with methyltransferase 
activity. Thin layer chomatography showed that this mutant made low levels of ErA, 
erythromycin C (ErC) and erythronolide B (EB) with bioactivity corresponding to an 
average of 5 ^ig/ml (N=6). In S. erythraea eryBIIl mutants accumulate EB, so the 

25 presence of ErA and ErC in the fermentation broths suggested that there is another 

methyltransferase functional in A. erythreum erythromycin production, since the gene is 
predicted to be knocked out. This enzyme would be significantly less active than eryBIIl, 
since the bioactivity levels of the ErA and ErC produced were about 2% of the parent. 
Mutant 3.1-E3 contained an insertion 148 bp into eroF. Thin layer chomatography 

30 revealed that mutant 3.1-E3 made lower levels of ErA only. This suggests that there is 
another C-6 hydroxylase, although with lower activity than eroF, since the insertion 
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would be expected to knock out gene function. The last ero cluster mutant, 5.6-A3, 
contained an insertion in eroBIV, the mycarosyltransferase gene. The three other Ery- 
down mutants had insertions located outside of the cluster. Mutant 1.8-F5 contained an 
insertion within a gene with significant homology to Cytochrome B reductases of the 
Cytochrome be complex from many species. The A. erythreum gene had 59% identity 
over 309 amino acids in the N-terminal portion to the QcrB and QcrB2 proteins of S. 
coelicolor, respectively (E value Lie" 47 and 3.6e' 46 ). These proteins are involved in 
forming the Cytochrome be reductase complex. Immediately downstream of the QcrB 
homolog another ORF with significant identity to the A. erythreum sequences was 
identified, encoding a gene in the rpiR family of transcriptional regulators (E value 2e" 13 ). 
At present it is not known which gene(s) have been affected to give the erythromycin 
phenotype, since it is possible that one or both could play a role in decreasing antibiotic 
production. Mutant 1.8-F7 had marginal (41%; E value le 3 ) sequence identity over 213 
amino acids to NifA, a positive regulator of nitrogen fixation genes in the plant root 
symbiont Azospirillium brasilense . Further analysis of this mutant is underway to 
determine the gene(s) involved in the Ery-down phenotype. Mutant 8.1-A1 1 contained 
an within a methionine aminopeptidase (map') homolog. The best BLASTX match was 
to the map gene of Bifidobacterium longum NCC2705 (E value le' 67 ). 

Plasmids rescued from 3 null mutants determined by bioassay were analyzed by 
BLASTX searches and thin layer chromotography. One of the mutants contained an 
insertion in an ero cluster gene, whereas 2 contained insertions outside the erythromycin 
biosynthetic genes. Mutant strain 1.7-H4 had a null phenotype that was derived by single 
crossover insertion, since the transposon was determined to have inserted into the 
plasmid backbone. Sequencing using the forward primer revealed only plasmid 
sequences. Sequencing using the reverse primer revealed that the transposon had inserted 
near a neutral site upstream of the ColEl origin, 380 bp from the BamHl site of the 
polylinker. Sequencing beyond the BamHl site allowed the identification of 439 bp into 
the cloned A. erythreum DNA. BLASTX analysis revealed significant identity to SocE 

20 

(E value le' ), a Myxococcus xanthus gene encoding a negative regulator of the stringent 
response. This gene could potentially be involved in a regulatory cascade that affects 
erythromycin production, and is undergoing further analysis by generation of a gene 



22 



replacement strain. Mutant strain 1.2-H10 is a null mutant also derived by single 
crossover insertion. BLASTX analysis did not reveal any significant matches in the 
region affected by the insertion of the transposon. Located 297 bp downstream from the 
insertion site and spanning 488 bp was a region showing significant sequence identity 
5 (62%) to a putative secreted protein of 5. coelicolor (E value 2.7e" 47 ). This mutant is also 
undergoing further analysis by the generation of a gene replacement strain. Sequence 
analysis of mutant 1.6-F7 rescued DNA revealed that the transposon had inserted into 
module 4 of the eroAIIl gene, which is involved in the biosynthesis of the polyketide 
backbone. A single crossover insertion into eroAIIl would be predicted to exert a polar 
10 effect on the downstream polyketide synthase modules resulting in a null phenotype. 

To test if a chemical analysis of the culture broths from these null mutants would 
be consistant with the bioassay data thin layer chromotography was performed on 
extracts from 5-day shake flask fermentation cultures. The results showed that no 
erythromycin intermediates or ErA was produced in any of the mutants. 

15 

Gene for Methylmalonyl-CoA Mutase and Gene for cobA 
In another aspect, the present invention provides isolated and purified genes that 
encode wild-type and mutant forms of Methylmalonyl-CoA Mutase (MCM) and cobA. 
In another aspect, the present invention provides an isolated and purified mutant 

20 Methylmalonyl-CoA Mutase (MCM) gene that encodes an inactive form of the enzyme. 
FIG. 2 shows a partial nucleotide sequence of wild type MCM mutB gene from 
Aeromicrobium erythreum. In FIG. 2, the bolded base pairs indicate the point of 
transposon insertion for mutating the wild-type MCM gene. FIG. 3 shows the nucleotide 
sequence of the modified EZ:TN<TET> transposon used to generate the mutB and cobA 

25 mutations. The mutant mutB gene of the subject invention thus has a transposon insertion 
(transposon size 3,764 bp) approximately midway within the mutB gene such that the 
gene has been rendered non-functional. In addition, the mutB mutant contains a 9-bp 
duplicated sequence on both sides of the transposon site. This is standard for insertion 
mutations using Tn5-based transposons. 

30 As mentioned above, FIG. 3 shows the nucleotide sequence of the modified 

EZ:TN<TET> transposon used to generate the mutB and cobA mutations. It contains the 
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19-bp repeats for Tn5 recognition, a thiostrepton -resistance gene (tsr) for selection in 
Aeromicrobium erythreum, a tetracycline gene (tet) for selection in E. coli, the 
conditional origin of replication R6Ky, used for the recovery of the transposon in E. coli, 
and permE*, used for overexpression of genes located downstream of the transposon 
insertion. 

FIG. 4 shows the nucleotide sequence of wild-type cobA, a cob(I)alamin 
adenosyl transferase involved in the biosynthesis of coenzyme Bi 2 or the conversion of 
exogenous vitamin Bi 2 to its active form, coenzyme Bi 2 . In FIG. 4, the bolded base pairs 
indicate the point of transposon insertion for mutating the wild-type cobA gene. The 
mutant cobA gene of the subject invention thus has a transposon insertion 238 bp into the 
coding sequence such that the gene has been rendered non-functional. As found in the 
mutB mutant the cobA mutant contains the entire 3,764 bp transposon as well as the 9 bp 
duplicated Tn5 recognition sequences. 

The present invention further provides expression vectors containing such wild- 
type and mutated genes and host cells transformed with such expression vectors. As is 
well known in the art, particular expression vectors are particularly suitable for particular 
cell types. 

The Examples that follow illustrate preferred embodiments of the present 
invention and are not limiting of the specification and claims in any way. 

EXAMPLES 

Fermentations. Screening of the A. erythreum mutant library was performed in 
96-deep-weIl poly propylene microtiter plate (fermentations that were set on top of the 
model 710022 rotary tumble stirrer (V& P Scientific, Inc., San Diego, CA). Each well 
contained 500 \x\ of 2xYTG (0.4% or 1.5% glucose) or SCM medium (Paulus et al, 
1990) containing glucose (1.5%), vitamins and trace elements (Kieser et al, 2000). 
Cultures were stirred with 31.8mm long by 1.58mm diameter stainless steel Stir StiX 
(V& P Scientific, Inc.) provided by the manufacturer. A. erythreum Tn mutants were 
directly inoculated into wells from the transformation plate or from patches on antibiotic 
plates using a sterile Stir StiX and forceps. Cultures were stirred at a power setting of 2 
(equal to 20% output). The entire rotary tumble stirrer was maintained inside a Labline 
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shaker/incubator to control temperature and humidity. To generate master stock cultures 
for permanent storage of insertion mutants, cultures were incubated at 32°C for 36 hours 
and mixed with an equal volume of 40% glycerol. These master stock cultures 
(200^1/well) were stored in shallow well microtiter dishes and kept at -80°C for later use. 
5 For microfermentations in which the erythromycin yield would be assayed, 10 jllI of the 
glycerol stock culture was autopipetted (Matrix Technologies Corp., Hudson, NH) into 
500 \i\ of fermentation medium and incubated at 32°C for 72 hours. A cover consisting 
of the microtiter dish lid (VWR ) with a sterile Kimwipe tissue was used to minimize 
well to well splashing and evaporation. Humidification was maintained between 40%- 

10 60% throughout the fermentation. Shake flask fermentations were performed as 
described previously (Reeves et al., 2002). 

A. erythreum genomic library construction. An A. erythreum library was 
constructed from genomic Sau3Al fragments in the 8-20 kb range. The Sau3Al 
fragments were ligated to dephosphorylated, 5am///-digested pFL2082 a pUC19-derived 

15 vector containing the aphl gene from Tn903 cloned into the Sspl site. £. coli DH5oc-e 
transformants were plated on SOB agar plates (Sambrook et aL, 1989) containing 
kanamycin, ampicillin and X-gal. The ligations were optimized until a 10 to 1 ratio was 
obtained of white colonies containing inserts to blue colonies not containing inserts. 

In vitro transposon mutagenesis. A derivative of transposon EZ::TN™<TET- 

20 1> (Epicentre Technologies, Madison, WI) was generated which contained tsr, a 
thiostrepton resistance gene from pIJ487 (Ward et aL, 1986 ), the R6Ky ori from 
EZ::TN™<R6KY-ori/Kan-2> (Epicentre) and the ermE* promoter described by Bibb et 
aL, (1994). The transposon was constructed from a 1.7 kb Tn<TET-l> blunt fragment 
containing the tetracycline resistance gene (Tet r ) and from the 19 bp mosaic ends 

25 recognized by Tn5, cloned into the larger (2.3 kb) PvuII fragment of pUC19 to create 
pFL3010. Next, the tsr gene was created by PCR from pFL8 (Reeves et aL, 2002) with 
an EcoRI site engineered at one 5' end and a Kpnl site at the other 5' end.. After EcoRI 
and Kpnl digestion of the PCR product, the 1.0 kb tsr gene fragment was ligated to 
similarly digested pFL3010. The resulting construct was designated pFL3012. 

30 pIJ4070 (Bibb et aL, 1994) was digested with MscI and PstI, releasing a 280 bp 

fragment containing the ermE* promoter. The MscI/PstI fragment was ligated to 
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similarly digested pFL3012 to yield pFL2083. Finally, the 800 bp R6K y ori fragment 
from EZ::TN<R6Ky ori/Kan-2> was amplified by PCR with EcoRl sites engineered at 
the ends. After EcoRl digestion the R6Ky ori was ligated to similarly digested pFL2083 
to yield pFL2087A and pFL2087B, depending on the orientation of the cloned fragment. 
5 For in vitro mutagenesis reactions linear transposon DNA was generated from pFL2087 
by partially digesting with PvuII and gel purifying a 3.74 kb fragment. The in vitro 
transposon mutagenesis reaction was performed according to the manufacturer's 
instructions using a plasmid to transposon fragment ratio of 4 to 1. Following 
transformation of the transposon-mutagenized library in E. coli recombinant cells were 

10 selected on SOB agar diffusion plates (Fleischmann et al., 1995) containing tetracycline 
at 10 Hg/ml, kanamycin at 50 |iig/ml, ampicillin at 50 |ag/ml and X-gal indicator. 
Selecting with all three antibiotics aided in eliminating some of the plasmids containing 
transposons which had inserted into the vector backbone. 

Analysis of fermentation broths by bioassay. Analytical techniques. 

15 Erythromycin concentrations from microfermentations and shake flask fermentations of 
A. erythreum parent and Tn mutants were determined by bioassay. Thin-layer 
chromatography was performed to visualize the erythromycins and their intermediates 
produced in various Tn mutants and was performed as described previously by Weber et 
al., (1985) using either the large-scale technique (25 ml shake flask cultures) or the 

20 scaled-down (1 ml cultures) procedure. 

Plasmid recovery and DNA sequence analysis of the transposon insertion 
site. Plasmid eviction and rescue. Tn mutants harboring transposon DNA along with 
vector DNA derived by single crossover insertion were cured of the plasmid portion by 
an eviction procedure that involved maintenance of the selectable thiostrepton marker 

25 located on the transposon. Mutants were grown in 2xYTG medium supplemented with 
thiostrepton at 5 \L%Jm\ for 2 days. Aliquots (100 \x\) of the turbid culture were plated on 
2xYTG plates containing thiostrepton at 25 M-g/ml and incubated at 32°C for an additional 
5 days. To identify mutants that have undergone eviction of the plasmid backbone (gene 
replacement), a 1' streak from the lawn of cells was resuspended in 1 ml of broth (cell 

30 density estimated to be about 10 8 /ml) and identical aliquots of dilutions ranging from 10 6 
to 10 8 were spread onto 2xYTG plates supplemented with thiostrepton and kanamycin. 
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This process was repeated until the ratio of Thio7Kn r colonies to Thio7Kn s colonies was 
about 2 to 1. Gene replacement candidates (Thio r /Kn s ) were identified by replica 
patching individual colonies from the thiostrepton-supplemented plate onto fresh 2xYTG 
plates containing thiostrepton and kanamycin. 
5 Plasmid rescue was performed on A. erythreum Tn mutants by purifying total 

chromosomal DNA and digesting with the frequent cutting restriction enzymes Xhol, 
ZtasHII, Apal, StuI and MluL None of these enzymes cuts within the transposon and 
therefore was used for retrieving Tn DNA and sequences adjacent to the insertion site. 
Following digestion, total restricted DNA was subjected to overnight ligation with T4 

10 DNA ligase (Fermentas). The ligated DNA was transformed by electroporation into the 
pir + -containing E. coli cell line EC100D-pir-116 (Epicentre Technologies) and plated on 
Luria Broth (LB) agar (Sambrook et al., 1989) plates supplemented with (Tet) at 10 
M-g/ml. Plasmid DNA from two to five Tet r colonies was analyzed by restriction 
digestion with the same enzyme used in the rescue procedure. Plasmids that showed a 

15 consistant restriction pattern were used for sequence analysis of the A. erythreum 
genomic DNA. 

Sequencing genomic DNA adjacent to the transposon insertion site. DNA 

sequencing reactions were performed using the Big Dye Terminator Cycle Sequencing 
Kit (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol. 

20 Cycled DNA was precipitated with ethanol and resolved at Davis Sequencing, LLC 

(Davis, CA). All sequences were analyzed by the NCBI BLAST program with default 
settings. The two sequencing primers used in all reactions were located at the ends of the 
modified transposon and were as follows: Forward Tn primer, (87tet-FP2), 5'- 
GCTGGACAATCGTGCCGGTT -3' (SEQ ID NO:l), and Reverse Tn primer, (87tet- 

25 RV3), 5 ' -GG A AC ACCT AC ATCTGT ATT A ACG-3 ' (SEQ ID NO:2). 

Analysis of mutants that showed an increase in erythromycin yield. 
Approximately 54% (3,049/5,694) of the mutants from the 2 libraries, 2,267 from pools 
1-5 of the initial library and all 782 mutants from the gene replacement library were 
screened in duplicate microfermentations for their erythromycin production. A total of 

30 26 mutants were analyzed by BLASTX analysis of the retrieved gene or plasmid 

sequences disrupted by the insertion from strains exhibiting an altered erythromycin yield 
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(Table 2). Of this total, 28 mutants (-1%) produced greater than 50% above the parent 
control strain and were analyzed further. These 28 mutants were grouped into single 
crossover mutants (3) and gene replacement mutants (25), hereafter designated Ery-up 
mutants. All the Ery-up mutants were subjected to microfermentations where the number 
5 of replicates ranged from N=24 to N=96. Strains that maintained a 50% increase in 

erythromycin production compared to the parent control strain were characterized further 
in shake flask fermentations. Ery-up mutants that were derived by single crossover 
insertion were subjected to a plasmid eviction procedure to isolate the gene replacement 
strain. Both the single crossover and gene replacement strains were tested in 

10 microfermentation and shake flask fermentation for reproducibility. After retesting 6 of 
the Ery-up mutants maintained a level of production consistantly greater than 50% above 
the parent control. The highest producing strain in microfermentation was 8.1-C3 (ave. 
447 |ig/ ml, N=24), which represented a 101% increase over the parent strain (ave. 221 
Hg/ ml, N=192). Sequence analysis of the rescued DNA revealed that the insert disrupted 

15 the 5' end of a gene with significant homology to the alpha subunit (MutB) of 

methylmalonyl CoA mutase (MCM) from a variety of species. The highest BLASTX 
match was to the alpha subunit of the MCM of Streptomyces avermitilis (E value le~ 86 ), 
showing end to end identity over 1450 bp. Mutant 8.2-F1 showed a 64% increase in 
erythromycin production followed by 8.6-E8, which showed a 56% increase. Sequence 

20 analysis revealed that these mutants also contained insertions in the mutB gene. . . 
Mutants 3.1-D5 and 4.2-B3 averaged 104% above the parent strain. The insertion 
occurred in the same location in the 3 mutants, although in opposite orientations, 238 bp 
within an ORF with significant sequence identity to cob(I) alamin adenosyltransferases 
{cob) from a variety of species. Using the forward and reverse transposon primers the 

25 entire adenosyltrasferase reading frame was sequenced and was found to be 612 bp long, 
based on direct comparison of the amino acid sequence of cob A homologs (i.e., E value 
le" 77 compared to the S. coelicolor cob A homolog, cobO) and a 71% overall identity to 
the cobA gene of Mycobacterium tuberculosis (Table 2). The cobA sequence potentially 
contains a good ribosome binding site (GGGAGG) 7 bp upstream from the predicted start 

30 site, but translational coupling to the upstream chelatase gene cannot be ruled out The 

ORF would encode a protein of almost 23 Kda. CobA is involved in the adenosylation of 
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vitamin Bi2to form the active coenzyme AdoBi2 in both de novo biosynthesis and of 
adenosylation of exogenous corrinoids (Refs). CobA is a highly conserved protein 
throughout nature and an alignment of the A erythrewn CobA homolog with other CobA 
proteins is shown in Fig. 5. Starting 8 bp downstream from the stop codon of cob A and 
5 extending 521 bp in the same transcriptional orientation another ORF involved in vitamin 
B12 biosynthesis was identified. The ORF, presently consisting of a little more than a 
quarter of the predicted full-length DNA sequence, showed significant sequence identity 
to cobB, which encodes a cobyrinic acid a,c diamide synthase. The best BLASTX match 
was to the S. coelicolor cobB (E value 5.8e~ 50 ). Using the transposon reverse primer to 

10 obtain sequences upstream of cobA identified another partial ORF involved in vitamin 
B12 biosynthesis. Spanning 171 bp the A. erythrewn ORF showed significant sequence 
identity to a putative chelatase of 5. coelicolor (E value 1.5e" 7 ). Vitamin B12 chelatases 
are involved in the insertion of a cobalt atom into the corrin ring and have been well 
characterized in other bacterial systems. 

15 Protoplast transformations. A. erythrewn B-3381 was transformed using a 

modified protoplast transformation procedure originally described by Roberts et ah, ( 
1987). A. erythrewn was inoculated into culture tubes containing 4 ml of 2xYTG and 
incubated at 32°C for 17-18 hours. The overnight culture was diluted 1:10 in 25 ml of 
the same medium and allowed to grow for another 2-4 hours at 32*C with shaking at 350 

20 rpm. After the outgrowth period, cells were pelleted by room temperature centrifugation 
at 5000 rpm for 10 minutes followed by a wash in 20 ml of 0.3M sucrose. After 
pelleting, cells were resuspended in 5 ml of lx P buffer (Rodicio and Chater, 1982; 
Kieser et al., 2000) containing 5 mg of lysozyme per ml. Protoplasting was performed at 
32°C for 2 hours. After incubation protoplasts were pelleted as before followed by a 

25 wash step in 20 ml of lx P buffer. After a final pelleting step, protoplasts were 
resuspended in 1 ml of P buffer and either used immediately or stored at -80°C. 

Transformations of Tn-mutagenized library DNA were performed according to a 
modified procedure described by Roberts et al., (1987) and Miller ( 1991). Two hundred 
microliter aliquots of protoplasts were pipetted into eppendorf tubes containing 26 (il of 

30 Qiagen-prepped DNA that had been previously alkaline-denatured according to the 

procedure described by Oh and Chater, 1997). The protoplast/DNA mixture was mixed 
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gently by tapping the tube followed immediately by the addition of 800 yJ of 2x P buffer 
containing 50% polyethylene glycol (mw (10,000). The mixture was vortexed 1-2 
seconds to disperse the protoplasts. The entire protoplast mixture (ca. 1 ml) was spread 
evenly over an R2T2 plate that was dried to 95% of its original weight. The 
5 transformation plate was incubated at 32°C for 22 hours. Thiostrepton-resistant 

transformants were selected by flooding the plate with 1 ml of a solution containing 800 
jig of the antibiotic per ml. To improve growth of the transformants, agar layers were 
transferred (underlayed) after 3-5 days to 2xYTG agar plates containing thiostrepton at 
25 |Hg/mL Transformants were scored after 5-6 days at 32°C. 

10 Protoplast transformations with denatured A erythreum chromosomal DNA were 

performed according to the procedure described by Oh and Chater ( 1997) using type 
strain NRRL B-3381 as the recipient. Donor DNA (up to 10 jLtg) was derived from 
chromosomal preparations of Tn mutants and B-3381 recipients were selected with 
thiostrepton as described above. Gene replacement strains were confirmed by PCR of 

15 known sequences contained on the transposon and adjacent genomic DNA. 

Bacterial strains and culture conditions. A. erythreum B-3381 was obtained 
from the Northern Regional Research Laboratory (Peoria, IL). Cells were routinely 
cultured on 2xYT agar (Sambrook et al., 1989) plates supplemented with 0.4% glucose 
(2xYTG) or grown overnight in 2xYTG broth or soluble complete medium (SCM; - 

20 Paulus et al., 1990), supplemented with trace elements (- Kieser et al., 2000) and 1.5% 
glucose. E. coli DH5a-e (Invitrogen, Carlsbad, CA) was grown in Luria Broth 
(Sambrook et al., 1989) and maintained on LB agar. When appropriate, A. erythreum 
agar and liquid cultures were supplemented with 5 |Xg/ml kanamycin sulfate and 10-50 
|Lig/ml thiostrepton. E. coli media were supplemented with 10 ng/ml tetracycline (Tet) 

25 for selection and maintenance of the transposon cassette and 50 (ig/ml kanamycin (Kn) 
and ampicillin (Ap) for selection and maintenance of recombinant plasmids. 

Our procedure involved several modifications of the liquid and solid growth 
medium used to prepare the cells for protoplasting as well as protoplast regeneration after 
transformation. The liquid growth medium described by Roberts et al., (1987) was lxYT 

30 + Mg and 0.5% glucose (8 g Tryptone, 5 g yeast extract, 2.5 g NaCl, 5 g glucose, and 1 g 
MgCb per liter). We increased the nutrient content of the liquid growth medium to 
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2xYTG (1% glucose) without MgCl. We found that this medium increased the growth 
rate of cells so that a higher density of protoplasts was obtained from a similar volume of 
culture without affecting the transformation frequency. 2xYTG was also used with and 
without antibiotics as the solid medium for maintenance, screening of recombinants, and 
5 underlaying transformation plates instead of a IxYT-based agar. 

DNA manipulations. DNA manipulations including plasmid DNA isolation, 
restriction digestion, dephosphorylations with calf or shrimp alkaline phosphatase (Roche 
Molecular Biochemicals, Indianapolis, IN) , 5' or 3' end-filling reactions with T4 DNA 
polymerase or Klenow large fragment polymerase (Roche Molecular Biochemicals), and 

10 ligations with T4 DNA ligase (Fermentas, Vilnius, Lithuania) were performed using 
standard procedures (Sambrook et al., 1989) or those outlined by the manufacturer. 
Plasmid DNA isolation for use in protoplast transformations of A. erythreum was purified 
using the Qiagen Midiprep Kit (Qiagen, Valencia, CA). For E. coli electroporations, 
DH5De was used (Invitrogen Life Technologies, Carlsbad,CA). When using restriction 

15 enzymes inhibited by dam or dcm methylase, E. coli MCR-DH5cc was used. For 

amplification reactions, a premixed 2x taq polymerase PCR mix containing 2 mM Mg 2+ 
(Fermentas) and 10% DMSO was used. For isolation of A. erythreum chromosomal 
DNA, 800 \x\ of a dense overnight culture was mixed with 250 jixl of phenol ichloroform 
(Amresco, Solon OH), vortexed vigorously for 10 seconds, and centrifuged for 3 minutes 

20 at 15,000 rpm. The supernatant was reextracted with 250 \i\ of phenolxhloroform and 
centrifuged as before. The supernatant was precipitated with 0.6 volumes of isopropyl 
alcohol and 1/10 volume of ammonium acetate, pH 5.2. The chromosomal DNA was 
collected as a pellet after a 5 second centrifugation at 10,000 rpm. Southern blotting was 
performed as described previously (- Reeves et al., 2002 

25 A. erythreum genomic library construction. A genomic library of total A. 

erythreum DNA was constructed by partially digesting 10 \ig of chromosomal DNA with 
Sau3Al so that the majority of the fragments were in the 8-20 kb range. After 
purification from a 0.6% agarose gel, the Sau3Al fragments were ligated to 
dephosphorylated, 5am///-digested pFL2082 (Table 1), a pUC19-derived vector 

30 containing the aphl gene from Tn903 cloned into the Sspl site. The aphl gene confers 
kanamycin resistance in both E. coli and A. erythreum (ref. Roberts et al). Ligation 
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mixtures were transformed into E. coli DH5a-e by electroporation. Transformants were 
plated on SOB agar plates (Sambrook et al., 1989) containing kanamycin, ampicillin and 
the color indicator X-gal. Ligation reactions were performed until the ratio of white 
colonies to blue colonies was about 10. 

Colorimetric plate assay to distinguish single crosses from double crosses. 
Distinguishing between A. erythreum Tn mutants derived by single, reciprical crossover 
insertion or double crossover insertion (gene replacement) on the transformation plate 
required the development of a simple, visual plate assay that took advantage of the 
kanamycin resistance gene located on the plasmid backbone. The main difference 
between the standard transformation procedure and the colorimetric plate assay was the 
addition of a second underlay step which involved transferring the top agar layer to fresh 
agar plates supplemented with kanamycin, thiostrepton and the vital dye 2,3,5- 
triphenyltetrazolium chloride (tetra red). Transformation plates were treated in exactly 
the same manner as described above, except that after 2 days of growth on the initial 
thiostrepton-only underlay plate the top agar layer was transferred to a fresh 2xYTG plate 
containing kanamycin at 20 Hg/ml, thiostrepton at 25 fig/ml, and 2,3,5-triphenyl- 
tetrazolium chloride at a final concentration of 72 ^iM. Tn mutants were scored 40 hr 
post underlay on the basis of their kanamycin phenotype (Kn s vs. Kn r ), colony size, and 
colony color (dark red vs. orange). 

Analytical techniques. Erythromycin concentrations from microfermentations 
and shake flask fermentations of A. erythreum parent and Tn mutants were determined by 
bioassay as described previously. Thin-layer chromatography was performed to visualize 
the erythromycins and their intermediates produced in various Tn mutants and was 
performed as described previously by Weber et al., (1985) using either the large-scale 
technique (25 ml shake flask cultures) or the scaled-down (1 ml cultures) procedure 
(Reeves et al, 2002). 
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35 From the foregoing, it will be observed that numerous variations and 

modifications may be effected without departing from the spirit and scope of the novel 
concept of the invention. It is to be understood that no limitation with respect to the 
specific methods and apparatus illustrated herein is intended or should be inferred. It is, 
of course, intended to cover by the appended claims all such modifications as fall within 

40 the scope of the claims. 
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